Giant Pulsar Glitches and the Inertia of Neutron-Star Crusts by Delsate, T. et al.
ar
X
iv
:1
60
6.
00
01
6v
1 
 [a
str
o-
ph
.H
E]
  3
1 M
ay
 20
16
Giant Pulsar Glitches and the Inertia of Neutron-Star Crusts
T. Delsate,1 N. Chamel,2 N. Gu¨rlebeck,3 A. F. Fantina,2, 4 J. M. Pearson,5 and C. Ducoin6
1Theoretical and Mathematical Physics Dept., Universite´ de Mons, 20, Place du Parc, 7000 Mons, Belgium
2Institut d’Astronomie et d’Astrophysique, CP-226,
Universite´ Libre de Bruxelles, 1050 Brussels, Belgium
3Center of Applied Space Technology and Microgravity (ZARM),
University of Bremen, Am Fallturm, 28359 Bremen, Germany
4Grand Acce´le´rateur National d’Ions Lourds (GANIL),
CEA/DRF - CNRS/IN2P3, Bvd Henri Becquerel, F-14076 Caen, France
5De´pt. de Physique, Universite´ de Montre´al, Montre´al (Que´bec), H3C 3J7 Canada
6Institut de Physique Nucle´aire de Lyon, Domaine scientifique de la Doua,
Baˆt. Paul Dirac, 4 Rue Enrico Fermi, 69622 Villeurbanne Cedex, France.
Giant pulsar frequency glitches as detected in the emblematic Vela pulsar have long been thought
to be the manifestation of a neutron superfluid permeating the inner crust of a neutron star. How-
ever, this superfluid has been recently found to be entrained by the crust, and as a consequence it
does not carry enough angular momentum to explain giant glitches. The extent to which pulsar-
timing observations can be reconciled with the standard vortex-mediated glitch theory is studied
considering the current uncertainties on dense-matter properties. To this end, the crustal moment of
inertia of glitching pulsars is calculated employing a series of different unified dense-matter equations
of state.
PACS numbers: 95.30.Sf, 26.60.-c, 26.60.Kp, 97.10.Kc, 97.60.Gb
I. INTRODUCTION
Although most pulsars are spinning with an extremely
stable frequency, some of them undergo abrupt changes.
So far, 472 such glitches have been detected in 165 pul-
sars [1]. One of the most emblematic glitching pulsars is
Vela (PSR B0833−45). Since its discovery in 1969, this
pulsar has exhibited regular glitches with giant jumps of
the angular velocity of order ∆Ω/Ω ∼ 10−6. These spin-
ups have been generally attributed to the sudden unpin-
ning of neutron superfluid vortices in the inner crust of
the neutron star [2, 3] (see, e.g. Section 12.4 of Ref. [4]
for a review). Although different kinds of neutron su-
perfluids are thought to exist in neutron-star cores, they
were found to be strongly coupled to the crust due to
mutual neutron-proton entrainment effects [5]. Neutron
superfluidity, which was actually predicted before the dis-
covery of pulsars [6], has found additional support from
observations of the initial cooling in transiently accreting
neutron stars [7, 8], from the rapid cooling of the neu-
tron star in Cassiopeia A [9, 10], and from measurements
of pulsar-braking indices [11, 12] (for a recent review of
neutron-star superfluidity, see, e.g. Ref. [13]).
The vortex-mediated glitch scenario has been recently
challenged [14–20] by the realization that despite the
absence of viscous drag the neutron superfluid is still
strongly coupled to the neutron-star crust due to Bragg
scattering [21–24]. On the other hand, it has been ar-
gued that the crustal superfluid may carry enough an-
gular momentum to explain Vela glitches invoking the
lack of knowledge of the dense-matter equation of state
(EoS) [25, 26]. However, the EoSs employed in these
analyses are not thermodynamically consistent, and more
importantly, they are found to be incompatible with ex-
isting constraints from laboratory experiments and as-
trophysical observations. In particular, the authors of
Ref. [25] determined the EoS of neutron stars using a
relativistic mean-field model for the core, and the model
of Baym, Pethick and Sutherland (BPS) for the outer
crust [27]. The EoS of the inner crust was obtained
from a polytropic interpolation. By fine-tuning the pa-
rameters of the relativistic mean-field Lagrangian, they
showed that the thickness of the neutron-star crust could
be adjusted so as to be compatible with observations
of Vela pulsar glitches. Two parametrizations consis-
tent with the existence of massive neutron stars such
as PSR J0348+0432 [28] were thus found: NL3max and
TFcmax. On the other hand, as pointed out by the au-
thors of Ref. [25], these parametrizations predict neutron-
star radii (R & 14 km for neutron stars with a mass
M = 1.4M⊙ where M⊙ is the mass of the Sun) that
are significantly larger than those inferred in Refs. [29–
31] from the analysis of X-ray bursters and quiescent
low mass X-ray binaries. Although large neutron-star
radii are not totally excluded by astrophysical observa-
tions (see, e.g. Ref. [32]; but see also the recent dis-
cussion in Ref. [33]), they are incompatible with ex-
perimental data and many-body calculations [34, 35].
In addition, the symmetric nuclear-matter incompress-
ibility coefficient at saturation predicted by NL3max,
Kv = 271.54 MeV, lies outside the range of values in-
ferred from isoscalar giant monopole resonances in finite
nuclei (see, e.g. Ref. [36]). As a matter of fact, the anal-
ysis of the matter flow and kaon production in heavy-
ion collision experiments [37, 38] showed that the sym-
metric nuclear matter EoS predicted by NL3 (which is
identical to that obtained with NL3max for the reasons
discussed in Ref. [25]) is too stiff at any baryon num-
2ber densities up to 4.5n0, where n0 ≃ 0.16 fm
−3 is the
density of symmetric nuclear matter at saturation. As
for the parametrization TFcmax, the predicted values
for the symmetry energy coefficient J = 38.3 MeV and
its slope L = 74.0 MeV lie outside the range of values
obtained from various experimental and theoretical con-
straints [39, 40]. Since the crust-core boundary is gener-
ally correlated with L [41], the TFcmax parametrization
may thus have lead to an overestimate of the crust in-
ertia. In Ref. [26], the uncertainties in the neutron-star
properties were estimated from Monte Carlo simulations
considering different parametrizations of the EoS. In par-
ticular, either a piecewise polytropic EoS or a four line
segment equation of state was employed for the inner
core. The EoS of the outer core was taken from quantum
Monte Carlo calculations or chiral effective field theory
calculations. Finally, a compressible liquid drop model
was applied to determine the EoS of the crust. Accord-
ing to this study, the standard scenario of Vela pulsar
glitches still remain viable considering the uncertainties
in the dense matter EoS. On the other hand, this study
also shows that the corresponding EoS are incompati-
ble with existing neutron-star mass and radius measure-
ments from X-ray bursters and quiescent low mass X-ray
binaries, as also found in Ref. [25].
In this paper, the extent to which giant pulsar glitches
can be explained by the superfluid in neutron-star crusts
is more closely examined given the current uncertainties
on dense-matter properties. To this end, we have em-
ployed a set of different unified EoSs. Treating all re-
gions of a neutron star within the same nuclear model
ensures that the resulting EoSs are thermodynamically
consistent. This avoids the occurrence of spurious insta-
bilities in neutron-star dynamical simulations. Moreover,
this guarantees an accurate description of the transitions
between the outer and inner parts of the crust, as well as
the crust-core boundary. This is of utmost importance
for the present study since the ad hoc matching of differ-
ents EoSs for the crust and the core has been shown to
induce large errors on the crust thickness [42]. The EoSs
considered here are based on the nuclear energy density
functional (EDF) theory using the accurately calibrated
Brussels-Montreal EDFs BSk14 [43], BSk20-21 [44] and
BSk22-26 [45]. For comparison, we have also adopted two
other unified EoSs: SLy [46] and BCPM [47]. The con-
straint on the global structure of a neutron star inferred
from giant pulsar glitches will be briefly reviewed in Sec-
tion II. After presenting our models of rotating neutron
stars in Section III, and the unified EoSs in Section IV,
results will be discussed in Section V.
II. GLITCH CONSTRAINT ON THE INERTIA
OF THE CRUSTAL SUPERFLUID
Giant pulsar glitches as observed in Vela are gener-
ally thought to arise from sudden transfers of angular
momentum between the neutron superfluid permeating
the neutron-star crust and the rest of the star. Taking
into account entrainment effects arising from Bragg scat-
tering of unbound neutrons by neutron-proton clusters,
the angular momentum Js of the superfluid depends on
both the angular velocity Ωs of the superfluid and on the
observed angular velocity Ω of the rest of the star [14]:
Js = IssΩs + IscΩ , (1)
where Iss and Isc are partial moments of inertia. Like-
wise, the angular momentum of the rest of the star can
be expressed as [14]
Jc = IscΩs + IccΩ . (2)
The total angular momentum of the star can thus be
written as
J = Js + Jc = IsΩs + IcΩ , (3)
where Is = Iss + Isc and Ic = Isc + Icc are the moments
of inertia of the superfluid and of the rest of the star
respectively.
Regardless of the actual glitch triggering mechanism,
this two-component model leads to the following con-
straint [14]
(Is)
2
IIss
≥ G , (4)
where I = Is + Ic is the total moment of inertia of the
star. The coefficient G can be obtained from pulsar-
timing data and is defined as
G ≡ 2τcAg , (5)
where τc = Ω/(2|Ω˙|) is the pulsar characteristic age and
the glitch activity parameter Ag is given by the sum over
glitches occurring during a time t
Ag =
1
t
∑
i
∆Ωi
Ω
. (6)
Equation (4) can be alternatively expressed as [14]
Is
I
≥ G
m¯⋆n
mn
, (7)
where m¯⋆n is a suitably weighted mean of the local effec-
tive neutron mass m⋆n introduced in Refs. [21, 22]. Com-
paring Eqs. (4) and (7) thus yields
m¯⋆n
mn
≡
Iss
Is
. (8)
This mean effective neutron mass depends mainly on the
properties of the neutron-star crust, as shown below. Val-
ues of the coefficient G for different glitching pulsars can
be found, e.g., in Ref. [48]. For Vela, this coefficient is
G = 1.62±0.03%, thus leading to the following constraint:
Icrust
I
∣∣∣∣
Vela
≥
Is
I
∣∣∣∣
Vela
≥
m¯⋆n
mn
(1.62± 0.03)× 10−2 , (9)
3where Icrust denotes the moment of inertia of the crust.
Other glitching pulsars such as PSR B1800−21 and
PSR B1930+22 exhibit higher values for the coefficient
G [15, 48]. On the other hand, the estimated errors are
also larger. For this reason, these pulsars will not be
considered in this study.
The fractional moment of inertia of the crust and that
of the crustal superfluid depend on the global structure
of the neutron star, which we have computed by solving
numerically Einstein’s equations of general relativity, as
described in the following Section.
III. NEUTRON-STAR MODEL
The equations describing the global structure of a ro-
tating neutron star can be obtained from Einstein’s equa-
tion and the conservation of the stress energy-density ten-
sor T ab:
Gab = 8πTab, ∇aT
ab = 0 , (10)
where a and b denote space-time indices, and Gab is the
Einstein’s tensor. Note that throughout this paper we
adopt units such that G = c = 1, where G is the gravita-
tional constant and c is the speed of light. In the follow-
ing, we shall consider stationary and axially symmetric
rigidly rotating stellar configurations.
As in previous studies [15–20, 25, 26], we shall compute
the moments of inertia assuming that the superfluid is
corotating with the rest of star, i.e. neglecting the small
difference |Ωs−Ω| ≪ Ω. The stress energy-density tensor
will thus be taken to be that of a perfect fluid:
Tab = (ρ+ P )uaub + Pgab, (11)
where ρ is the mass-energy density, P the pressure, g
the metric and u the 4-velocity of the fluid normalized
as uau
a = −1. We shall also consider the limit of slow
rotation. The ensuing form of Einstein’s equations, and
the expressions for the partial moments of inertia are
given in Section IIIA. The validity of this approximation
will be assessed by extending our neutron-star models
to rapid rotations. The formalism is briefly discussed in
Section III B.
A. Slow-rotation approximation
The metric describing a slowly rotating neutron star is
approximately given by (see, e.g. Ref. [49])
ds2 = −b(r)dt2 +
(
1−
2m(r)
r
)−1
dr2
+ r2
[
dθ2 + sin2 θ
(
dϕ− ǫ (Ω− ω1(r)) dt
)2]
, (12)
where b(r), m(r), and ω1(r) are functions of the radial
coordinate r, θ and ϕ are the polar and azimuthal an-
gles respectively, Ω is the neutron-star angular velocity
as measured by a distant observer, and ǫ is a small di-
mensionless parameter.
We expand Einstein’s equations in powers of ǫ, follow-
ing the procedure introduced by Hartle [50] :
m′ = 4πr2ρ,
b′
b
= 2
(
m+ 4πr3P
r(r − 2m)
)
,
P ′ =
m+ 4πr3P
r(r − 2m)
(ρ+ P ),
ω′′1 =
16πr2(ρ+ P )ω1 + (4(2m− r) + 4πr
3(ρ+ P ))ω′1
r(r − 2m)
,
(13)
where a prime denotes the derivative with respect to r.
This system of equations is solved with the following
boundary conditions
m(0) = 0, P (0) = P0, b(0) = b0, ω1(0) = 1, ω
′
1(0) = 0,
(14)
where P0 is the central pressure of the star and the condi-
tions on ω1 follow from elementary flatness and the sym-
metry. Note that the (linear) equation of ω1 is invariant
under rescalings ω1 → λω1, allowing us to set ω1(0) = 1
without loss of generality. The value of b0 is obtained by
the requirement that the function bmatches continuously
the exterior spacetime described by the Schwarzschild so-
lution
b(r) = 1−
2M
r
, m(r) =M, (15)
whereM is the gravitational mass of the star, defined by
the function m(r) evaluated at the radius R for which
the pressure vanishes:
P (R) = 0, M = m(R) . (16)
In order to complete the model, an EoS must be speci-
fied. The EoSs adopted in this work will be discussed in
Section IV.
The total momentum of inertia I of the slowly rotating
star can be obtained by matching the function ω1 to the
exterior spacetime, described by
ω1 = Ω
(
1−
2I
r3
)
. (17)
Note that the value of the inertia is independent of the
boundary condition on ω1, see the remark below (14).
For the same argument, it is independent of the value of
Ω.
It can be shown using Einstein’s field equations that
the total moment of inertia can be equivalently expressed
as (see, e.g., Ref. [51])
I = I(R) , (18)
4with
I(r) =
8π
3
∫ r
0
x4n(x)µ(x)
ω1(x)
Ω
×
√
b(x)
(
1−
2m(x)
x
)
dx , (19)
where n is the average baryon number density, and µ the
corresponding baryon chemical potential. The fractional
moment of inertia of the crust is given by
Icrust
I
= 1−
I(rcore)
I
, (20)
and rcore denotes the radial coordinate at the crust-core
boundary where the pressure is Pcore (as determined by
dense-matter models) :
P (rcore) = Pcore . (21)
The partial and total moments of inertia of the crustal
superfluid are given by [14]
Is =
8π
3
∫ rdrip
rcore
x4nfn(x)mn
ω1(x)
Ω
×
√
b(x)
(
1−
2m(x)
x
)
dx , (22)
Iss =
8π
3
∫ rdrip
rcore
x4nfn(x)m
⋆
n(x)
ω1(x)
Ω
×
√
b(x)
(
1−
2m(x)
x
)
dx , (23)
where rdrip is the radial coordinate at the neutron-drip
transition, nfn the number density of free neutrons, and
m⋆n their effective mass, as defined in Ref. [24]. In the
slow-rotation approximation, Icrust, Iss and Is are inde-
pendent of the angular frequency. This is, however, not
anymore true in the case of rapid rotation and a quadratic
increase is expected for the next order in the expansion
parameter ǫ.
B. Rapid rotations
If the neutron star is rotating rapidly enough, higher-
order corrections to the slow-rotation approximation
could in principle increase the fractional moment of in-
ertia of the crust. To assess the importance of these
corrections, we performed a numerical analysis using a
version of the rns code [52, 53], which was modified by
J. Steinhoff and applied in Ref. [54]. In the rns code, the
spacetime metric is expressed in the form
ds2 = −eγ+βdt2 + e2α(dr2 + r2dθ2)+
eγ−βr2 sin2 θ (dϕ− ωdt)2 ,
(24)
where γ, β, α and ω are functions solely of θ and r.
The moment of inertia of the star is given by
I =
J
Ω
. (25)
The angular momentum J can be determined either from
the asymptotic behavior of the metric function ω or from
the Komar integral [55]. The approach based on the Ko-
mar integral can be seen as a source integral formalism
for the first multipole moments, as described in Ref. [56].
It can be easily employed to assign to any region of the
neutron star the associated angular momentum. For ex-
ample, the angular momentum contained in the crust is
determined by [57]
Jcrust = 2π
∫
V
nµ eγ−β+2α
v
1− v2
r3 sin2 θdθdr. (26)
V is the coordinate volume of the crust and v is the the
proper velocity of a fluid element with respect to a local
zero angular momentum observer, given by
v = e−βr sin θ(Ω− ω). (27)
Using (25), the fractional moment of inertia of the
crust is thus finally given by
Icrust
I
=
Jcrust
J
. (28)
IV. UNIFIED EQUATIONS OF STATE OF
DENSE MATTER
The interior of a neutron star can be decomposed into
several qualitatively distinct regions, which can be classi-
fied as follows with increasing depth: i) A very thin atmo-
spheric plasma layer of light elements (mainly hydrogen
and helium though heavier elements like carbon may also
be present) possibly surrounds a Coulomb liquid of elec-
trons and ions, ii) the outer crust consists of free electrons
and pressure-ionized atoms arranged in a body-centered
cubic lattice (see, e.g., Refs. [58–60]), iii) the appearance
of free neutrons at densities above ρdrip ≈ 4×10
11 g cm−3
(see, e. g. Ref. [61] for a detailed discussion) marks the
transition to the inner crust, which extends up to about
ρcore ≈ 10
14 g cm−3 (see, e.g. Ref. [4]), iv) the outer core
made of nucleons and leptons up to densities 2 − 3ρ0,
and v) the inner core, whose composition remains highly
uncertain. For simplicity, we assume that the inner core
consists of nucleons and leptons only. As we shall see
in Section V, the density at the center of the Vela pul-
sar, as inferred from the glitch data, actually lies below
∼ 2− 3ρ0.
In the following, we shall adopt the cold catalyzed mat-
ter hypothesis according to which matter in neutron-star
interiors are in full thermodynamic equilibrium at zero
temperature. In this case, the surface layers are solid and
5consist of 56Fe up to densities of about 8 × 106 g cm−3.
For this region, we employ the EoSs from Table 5 of
Ref. [62]: the one referred to as “QEOS” for densities
below 1.4 × 103 g cm−3 (this EoS was found to be in
good agreement with experiments [63]), and the one re-
ferred to as “TFD” up to about 4.3 × 105 g cm−3. For
the denser regions of the star, the composition and the
EoS depends on the nuclear model. Although the dif-
ferent states of dense matter encountered in this interval
require different types of treatments (as described below,
see also Ref. [64]), these calculations are performed using
the same EDF. The transitions are thus described self-
consistently. The composition and the EoS of the outer
crust at densities above 4.3×105 g cm−3 were calculated
in the framework of the BPS model [27], making use of
the latest experimental atomic mass data complemented
with the Hartree-Fock-Bogoliubov (HFB) predictions for
masses that have not yet been measured (see Ref. [59]
for details). For the inner crust, the 4th order extended
Thomas-Fermi method was employed. Proton shell cor-
rections were included via the Strutinsky integral theo-
rem (neutron shell effects are negligibly small except pos-
sibly near the neutron-drip point). This so-called ETFSI
method (extended Thomas-Fermi+Strutinsky integral) is
a computationally high-speed approximation to the fully
self-consistent Hartree-Fock equations [65]. Proton pair-
ing was included as in Ref. [66]. In order to further
optimize the computations, the nucleon density distri-
butions were parameterized, and we adopted the spheri-
cal Wigner-Seitz approximation to calculate the Coulomb
energy, since nuclear clusters are essentially spherical, ex-
cept possibly near the crust-core interface where so-called
nuclear “pastas” might exist [4]. Even though two dif-
ferent codes were used to calculate the EoS in the outer
crust and in the inner crust, the pressure (energy per nu-
cleon) at the boundary was found to differ by less than
3% (5%) thus ensuring a thermodynamically consistent
description of the EoS [65]. Deeper in the star, the core is
described by the EoS of homogeneous beta-equilibrated
matter made of nucleons and leptons (including muons
at high density). The crust-core transition can be de-
termined by the instability of such homogeneous mat-
ter against density fluctuations. The transition density
and pressure were calculated by the method described in
Ref.[67], which was shown to be extremely accurate [65].
In this way, unified EoSs for neutron stars were calcu-
lated using the latest series of Brussels-Montreal (BSk)
EDFs. These EDFs were constructed from generalized
Skyrme effective interactions (see, e.g. Ref. [68] for a
brief overview). The parameters of these interactions
were determined primarily by fitting essentially all mea-
sured atomic masses, which were calculated using the
HFB method. In particular, the root-mean square devi-
ation between the measured atomic masses with neutron
number N ≥ 8 and proton Z ≥ 8 from the 2012 Atomic
Mass Evaluation [69] and the theoretical HFB masses
amounts to about 0.5 MeV for the latest EDFs. A set
of different EDFs were constructed by imposing different
values for the symmetry energy J at saturation, and by
fitting different realistic neutron-matter EoSs spanning
different degrees of stiffness corresponding to current pre-
dictions of various microscopic calculations. Moreover,
these EDFs were fitted to realistic 1S0 pairing gaps in
neutron matter and in symmetric nuclear matter. A
number of additional constraints were imposed to the
Brussels-Montreal EDFs: i) the incompressibility Kv of
symmetric nuclear matter at saturation was required to
fall in the empirical range 240 ± 10 MeV [70], ii) the
isoscalar effective mass in symmetric nuclear matter at
saturation was fixed to the realistic value of 0.8 (see
Ref. [44] for a summary of the experimental and theoreti-
cal evidence), iii) the parameters of the interactions were
adjusted so as to limit the occurence of spurious spin
and spin-isospin instabilities, and in particular to pre-
vent a ferromagnetic collapse of neutron stars. Although
the Brussels-Montreal EDFs were not directly fitted to
realistic EoS of symmetric nuclear matter, they are com-
patible with the constraints inferred from the analysis of
heavy-ion collision experiments [37, 38]. Besides, the pre-
dicted values for the symmetry energy J and its slope L
at saturation are consistent with those inferred from from
various experimental and theoretical constraints [39, 40].
Finally, the isovector effective mass was found to be
smaller than the isoscalar effective mass at the saturation
density. This result is consistent with measurements of
isovector giant resonances [71], and microscopic calcula-
tions [72, 73]. These features make the Brussels-Montreal
EDFs well-suited for a unified treatment of neutron stars.
For the BSk20-26 versions [44, 45] we adopt in this work,
unified EoSs have been calculated [59, 65, 66, 74] and
tested against astrophysical observations [64, 75]. Ana-
lytical representations are available for the unified EoSs
based on the EDFs BSk20-21 [76].
For comparison, we have also considered two other
unified EoSs based on the EDF theory: SLy [46] and
BCPM [47]. The SLy EoS does not actually provide a
fully consistent description of neutron stars: indeed, the
EoS of the outer crust was not calculated using the same
EDF, but was taken from Ref. [77]. The reason may lie
in the fact that HFB calculations using the SLy4 [78, 79]
EDF that underlies the SLy EoS, yields a rather poor
fit to experimental nuclear masses, with a root-mean-
square deviation (considering only even-even nuclei) of
about 5.1 MeV [80]. The EoS of the inner crust was cal-
culated using the compressible liquid drop model. In this
approximation, neutron-proton clusters are assumed to
have sharp surfaces. Moreover, nucleons in clusters and
unbound nucleons are treated differently and shell effects
are ignored. The EDF underlying the BCPM EoS was
constructed by performing an educated polynomial fit of
microscopic calculations in infinite homogeneous nuclear
matter using realistic nucleon-nucleon potentials. The
EDF was supplemented with additional phenomenologi-
cal surface and spin-orbit terms that were fitted to prop-
erties of finite nuclei. The BPS model was employed to
compute the EoS of the outer crust making use of experi-
6TABLE I. Average baryon number density ncore and pressure
Pcore at the crust-core interface, as predicted by different nu-
clear energy density functionals. See text for details.
ncore (fm
−3) Pcore (MeV fm
−3)
BSk14 0.0810 0.381
BSk20 0.0854 0.365
BSk21 0.0809 0.269
BSk22 0.0716 0.291
BSk24 0.0808 0.268
BSk25 0.0856 0.211
BSk26 0.0849 0.363
SLy4 0.0798 0.361
BCPM 0.0825 0.432
mental masses as well as theoretical masses obtained from
HFB calculations. The EoS of the inner crust was deter-
mined using the simple Thomas-Fermi method, without
higher-order corrections; neither pairing nor shell cor-
rections were included. On the other hand, contrary
to the Brussels-Montreal EoSs, nucleon density distri-
butions were not parametrized, but were calculated self-
consistently allowing for nuclear pastas.
The evaluation of the partial moment of inertia Iss re-
quires the knowledge of the local neutron effective mass
m⋆n in all regions of the inner crust of a neutron star.
However,m⋆n has not been calculated for the unified EoSs
considered here. As a matter of fact, systematic calcu-
lations of m⋆n are computationally extremely costly, and
for this reason were only performed in Ref. [24] based on
the crustal composition taken from Ref. [81] using the
Brussels-Montreal EDF BSk14 [43]. Therefore, we have
computed the ratios Iss/Icrust and Is/Icrust using the EoS
based on the EDF BSk14, and kept the resulting values
for all the other unified EoSs. To this end, we have con-
structed a unified EoS with BSk14. The EoS of the outer
crust was determined as in Ref. [59], and that of the core
was calculated considering homogeneous matter in beta
equilibrium. Like all the other BSk EDFs, BSk14 was
fitted to all experimental atomic masses with Z,N ≥ 8
(masses from the 2003 Atomic Mass Evaluation [82] were
fitted with a root-mean-square deviation of 0.73 MeV),
but was constrained to reproduce a softer neutron-matter
EoS than those considered in the more recent series of
Brussels-Montreal EDFs.
The crust-core transition density and pressure are indi-
cated in Table I for all the EoSs considered in this study.
V. RESULTS AND DISCUSSION
For each EoS described in Section IV, we have com-
puted the set of stationarily rotating neutron-star con-
figurations by solving numerically Eqs. (13). In the
slow-rotation approximation, the structure of the star
is the same as that of a static star. The correspond-
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FIG. 1. Masses and radii of nonrotating and nonaccret-
ing neutron stars, as obtained for different unified Brussels-
Montreal equations of state based on the following energy-
density functionals: BSk14 [43, 81], BSk22, BSk24, BSk25
and BSk26 [45, 74].
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FIG. 2. Same as Fig. 1 for other unified equations of state:
SLy [46], and BCPM [47].
ing masses and radii are shown in Figs. 1 and 2. The
mass-radius curves obtained with the EoSs based on
BSk20 and BSk21 are undistinguishable from those ob-
tained with the EoSs based on BSk26 and BSk24 respec-
tively. The results agree with those previously obtained
in Refs. [64, 75]. The EoS based on BSk14 predicts a
maximum mass significantly lower than that obtained
with the other Brussels-Montreal EDFs, and below the
measured mass 2.01± 0.04 M⊙ of PSR J0348+0432 [28].
This stems from the softer neutron-matter EoS to which
this EDF was fitted, namely that calculated by Friedman
and Pandharipande using realistic two- and three-body
forces [83]. Nevertheless, this EoS remains compatible
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FIG. 3. Fractional moments of inertia of a neutron star as a
function of the neutron-star mass, as obtained using the uni-
fied equation of state based on the energy-density functional
BSk14 [43]. See text for details.
with more recent ab initio calculations at densities of
relevance for the crust and the outer core of neutron
stars [84]. For this reason, we believe that BSk14 is
still suitable for calculating the fractional moments of
inertia Iss/Icrust and Is/Icrust. Indeed, these ratios de-
pend mainly on the properties of the neutron-star crust.
They were previously estimated within the thin-crust ap-
proximation as Iss ≈ 4.6Icrust and Is ≈ 0.89Icrust [16].
The associated mean effective neutron mass is about
m¯⋆n ≈ 5.1mn (values ∼ 14 − 16% lower were found in
Ref. [15], but calculations were not performed using the
EoS based on BSk14). We have recalculated these quan-
tities using Eqs. (20), (23) and (22) by solving numeri-
cally Einstein’s equations, as described in Section III. As
shown in Fig. 3, Iss/Icrust and Is/Icrust are almost inde-
pendent of the global neutron-star structure. While the
ratio Is/Icrust we find is in very good agreement with the
value obtained within the thin-crust approximation, the
ratio Iss/Icrust is about 20% higher thus leading to a more
stringent constraint. The origin of this discrepancy most
presumably lies in the large variations of m⋆n in different
crustal layers. In all these calculation, vortex pinning is
supposed to be effective in all regions of the inner crust
(in reality, the inertia of the neutron superfluid could be
lower).
We have calculated numerically the fractional moment
of inertia of the crust of a neutron star with different
masses using the unified EoSs presented in Section IV.
The results shown in Figs. 4 and 5 can be easily analyzed
after remarking that for a given mass M , Icrust/I is gen-
erally an increasing function of the radius R and of the
crust-core transition pressure Pcore (see, e.g., Ref. [51]).
In turn, the uncertainties in Pcore arise from the lack of
knowledge of the symmetry energy and its density de-
pendence (see, e.g., Refs.[58, 85–95]). The dependence
PSR B0833-45
FIG. 4. Fractional moment of inertia of the crust of a nonac-
creting neutron star, as obtained for unified Brussels-Montreal
equations of state based on the following energy-density func-
tionals: BSk14 [43], BSk22, BSk24, BSk25 and BSk26 [45, 74].
The light grey region below the dark thick line is excluded by
pulsar timing-data if giant glitches in Vela (PSR B0833−45)
originate from neutron-star crusts only. See text for details.
of Icrust/I on R and Pcore is best seen by comparing the
results obtained for the EoSs based on the EDFs BSk22,
BSk24, and BSk25. The EDFs underlying these uni-
fied EoSs were fitted to the same realistic neutron-matter
EoS, but with different values for the symmetry energy
coefficient, from J = 32 MeV for BSk22 to J = 29 MeV
for BSk25, while J = 30 MeV for BSk24. The highest
values for R and Pcore are obtained for the EoS based
on BSk22, the lowest for the EoS based on BSk25, the
EoS based on BSk24 yielding intermediate values. As
expected, the crustal moment of inertia follows the same
hierarchy, with the largest values obtained with the EoS
based on BSk22. The BSk26 EDF yields the same sym-
metry energy coefficient J = 30 MeV as BSk24, but was
fitted to a neutron-matter EoS that is softer at high den-
sities. With a lower pressure to resist the gravitational
pull, the unified EoS based on this EDF thus predicts
smaller neutron stars. On the other hand, the EoS based
on BSk26 predicts a higher crust-core transition pressure
than the EoS based on BSk24. All in all, the crustal mo-
ment of inertia obtained with the EoS based on BSk26
is not much different from that obtained with the EoS
based on BSk24, as shown in Fig. 4. We have also found
that the EoS based on BSk20 (BSk21) yields essentially
the same crustal moment of inertia as the EoS based on
BSk26 (BSk24). The corresponding curves are undistin-
guishable in Fig. 4. The results obtained with the SLy
and BCPM EoSs are close to those obtained with the
Brussels-Montreal EoSs, as shown in Fig. 5.
Assuming that only the neutron superfluid in the crust
of a neutron star is responsible for the observed giant
glitches leads to the constraint shown in Figs. 4 and
8PSR B0833-45
FIG. 5. Same as Fig. 4 for other unified equations of state:
SLy [46], BCPM [47]. The equations of state based on the
energy-density functionals BSk24 and BSk26 [45, 74] are plot-
ted for comparison.
5. The inferred mass of the Vela pulsar is at most
M ≃ 0.66M⊙. Such a low mass challenges the current
scenarios of neutron-star formation (see, e.g., Section 3.3
in Ref. [96] for a short review). Although neutron stars
with a mass M ∼M⊙ might be produced via fragmenta-
tion, they are not expected to be seen as ordinary radio
pulsars (see, e.g. Ref. [97]). Besides, the comparison of
neutron-star cooling simulations with the observational
estimates of the age and thermal luminosity of the Vela
pulsar suggests that this neutron star is rather massive
(see, e.g., Ref. [98]). In other words, the glitch puzzle
still remains considering the current uncertainties in the
dense-matter EoS. The reason lies in the fact that the
average baryon number density inferred at the center of
Vela is rather low, at most 0.23 − 0.33 fm−3 depending
on the EoS. At such densities, the neutron-star core is
generally expected to contain nucleons and leptons only
(see, e.g. Ref. [99] and references therein), and the dense-
matter EoS is fairly well constrained by laboratory exper-
iments, especially heavy-ion collisions [37, 38].
In this analysis, we considered that the fractional mo-
ments of inertia Is/Icrust and Iss/Icrust are the same for
all EoSs, as in previous studies [15–20, 25, 26]. Although
the threshold density for the onset of the neutron-drip
transition is model-dependent, the variations are quite
small (see, e.g., Ref. [100]). The ensuying changes in Is
are expected to be negligible since Is is mainly deter-
mined by the inertia of the denser regions of the inner
crust. Ignoring the model dependence of Is/Icrust and
Iss/Icrust seems also to be a reasonable approximation
in view of the published results for the effective neutron
mass in the inner crust of a neutron star [16, 21, 23].
For consistency and completeness, we have computed the
global structure of rotating neutron stars using the uni-
fied EoS constructed from BSk14. As shown in Fig. 4,
BSk14 yields similar results for the ratio Icrust/I as those
obtained with the more recent Brussels-Montreal EDF
BSk26, as well as with the SLy EoS.
Since the assumption of slow rotation may underesti-
mate Icrust/I, we have assessed the validity of this ap-
proximation for the EoS based on BSk24 using the rns
code. We have calculated different models of neutron
stars varying the central density and the ratio of the po-
lar to equatorial coordinate radius re. For neutron stars
with a spin parameter J /M2 below 0.15 we have reduced
the polynomial order of the expansion in the rns code to
3, since higher orders contributed only numerical noise
as in Ref. [54]. We chose a grid of 401× 801 in the com-
pactified coordinate plane [cos θ, r/(r + re)]. A further
increase of the grid size did not yield any improvements.
As a consistency check of the numerical method, we have
calculated the total angular momentum via the two ways
described in Section II. The results have been found to
deviate by less than 1% for neutron-stars with a mass
exceeding 0.5 M⊙, which is in accordance with previ-
ous comparative studies [53, 101]. Thus, an accuracy
of approximately that order must be accepted for local
quantities like Icrust/I, too.
In Fig. 6, we exemplify the behavior of Icrust/I for
four different masses and varying frequency of the neu-
tron star. Indeed, this ratio increases with the spin rate
of the pulsar. Taking as an example the fastest spin-
ning pulsar (PSR J1748-2446ad) known to date with a
rotation frequency f = Ω/(2π) of about 716Hz [102], the
relative difference of the slow-rotation approximation and
the numerical results are between 23% for a 2 M⊙ star
and 36% for a 0.7 M⊙ star, as shown in Fig. 6. In con-
trast, the slow-rotation approximation is very accurate
for stars spinning as slow as Vela (f = 11.195Hz), for
which the relative difference to the results obtained with
the rns code is far below the numerical noise limit of
1%. Nonetheless, the fits shown in Fig. 6 include already
terms from an expansion in f to the fourth order. In
fact, the highest order is only relevant, i.e. above the
numerical noise limit, for the 0.7 M⊙ stars (6% contri-
bution). The fits reproduce also the results of the slow
rotation approximation with an accuracy of 1−2%, which
corroborates the expected accuracy regime.
VI. CONCLUSIONS
We have computed the global structure of rotating neu-
tron stars, both in full general relativity and in the slow-
rotation approximation. For this purpose, we have em-
ployed a series of unified EoSs, treating consistently all
regions of a neutron star. The Brussels-Montreal unified
EoSs presented in Ref. [74] are all based on the very ac-
curately calibrated EDFs BSk22-26 spanning the current
uncertainties in the nuclear symmetry energy as well as in
the high-density stiffness of the neutron-matter EoS [45].
For comparison, we have also considered the unified EoS
based on BSk14 [81] (for which crustal entrainment was
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FIG. 6. Fractional moment of inertia of the crust of a nonac-
creting neutron star as a function of the neutron star’s ro-
tation frequency f = Ω/(2pi), as obtained using the uni-
fied equation of state based on the energy-density functional
BSk24 [45]. Results are shown for four different neutron-star
masses: 0.7, 1, 1.4 and 2 solar masses, respectively (from top
to bottom). The points represent the actual numerical results
and the curves are polynomial fits up to the fourth order.
calculated in Ref. [24]), BSk20-21 [59, 65, 76], SLy [46]
and BCPM [47]. In all cases, we find that the neutron
superfluid permeating the inner crust of a neutron star
does not carry enough angular momentum to explain the
giant frequency glitches observed in the Vela pulsar. The
glitch puzzle is not restricted to Vela, but concerns other
glitching pulsars. On the other hand, the statistical er-
rors are much larger due to the smaller number of ob-
served glitches [15]. It is also worth pointing out that the
analyses of the 2007 glitch detected in PSR J1119−6127,
as well as of the 2010 glitch in PSR 2334+6 lead to
even larger fractional moments of inertia of the crust
than for Vela [103, 104]. In particular, the constraint
Is/I ≥ 0.204 m¯
⋆
n/mn inferred from the glitch in PSR
J1119−6127 cannot be fulfilled by the crustal superfluid.
Indeed, inserting Is ≃ 0.893Icrust and m¯
⋆
n ≃ 5.13mn [16]
thus yields Icrust > I.
Our study suggests that the neutron superfluid in the
core of a neutron star plays a more important role than
previously thought. The pinning of neutron superfluid
vortices to magnetic flux tubes opens promising perspec-
tives for unravelling the origin of giant glitches [105].
This scenario could be independently tested by the search
for gravitational waves associated with glitch events [106–
108].
ACKNOWLEDGMENTS
The authors thank Jan Steinhoff for helpful discus-
sions. This work was financially supported by the Fonds
de la Recherche Scientifique - FNRS (Belgium) under
grant n◦ CDR J.0187.16, NSERC (Canada), the DFG
within the Research Training Group 1620 “Models of
Gravity”, as well as the European Cooperation in Science
and Technology (COST) Action MP1304. The hospital-
ity of the Aspen Center for Physics (USA), where some
of this work was carried out, is gratefully acknowledged.
The Aspen Center for Physics is supported by National
Science Foundation grant PHY-1066293.
[1] C. M. Espinoza, A. G. Lyne, B. W. Stappers, M.
Kramer, Mon.Not.Roy.Astron.Soc. 414, 1679 (2011) ;
http://www.jb.man.ac.uk/pulsar/glitches.html
[2] P. W. Anderson and N. Itoh, Nature 256, 25 (1975).
[3] D. Pines and M. A. Alpar, Nature 316, 27 (1985).
[4] N. Chamel and P. Haensel,“Physics of Neutron Star
Crusts”, Living Rev. Relativity 11, (2008), 10.
http://www.livingreviews.org/lrr-2008-10
[5] M. A. Alpar, S. A. Langer and J.A. Sauls, Astrophys.
J. 282, 533 (1984).
[6] A. B. Migdal, Nucl. Phys. 13, 655 (1959).
[7] P. S. Shternin, D. G. Yakovlev, P. Haensel & A. Y.
Potekhin, Mon.Not.Roy.Astron.Soc. 382, L43 (2007).
[8] E. F. Brown & A. Cumming, ApJ 698, 1020 (2009).
[9] D. Page, M. Prakash, J. M. Lattimer, A. M. Steiner,
Phys. Rev. Lett. 106, 081101 (2011).
[10] P. S Shternin, D. G. Yakovlev, C. O. Heinke, W. C.
G. Ho, D. J. Patnaude, Mon.Not.Roy.Astron.Soc. 412,
L108 (2011).
[11] M. A. Alpar and A. Baykal, Mon.Not.Roy.Astron.Soc.
372, 489 (2006).
[12] W. C. G. Ho and N. Andersson, Nature Phys.8, 787
(2012).
[13] D. Page, J. M. Lattimer, M. Prakash, and A. W.
Steiner, Stellar Superfluids in Novel Superfluids, volume
2, Edited by Karl-Heinz Bennemann and John B. Ket-
terson, Oxford University Press, 2014, p.505.
[14] N. Chamel and B. Carter, Mon.Not.Roy.Astron.Soc.
368, 796 (2006).
[15] N. Andersson, K. Glampedakis, W.C.G. Ho, C.M. Es-
pinoza, Phys. Rev. Lett. 109, 241103 (2012).
[16] N. Chamel, Phys. Rev. Lett. 109, 241103 (2013).
[17] J. Hooker, W. G. Newton and Bao-An Li,
Mon.Not.Roy.Astron.Soc. 449, 3559 (2015).
[18] W. G. Newton, S. Berger, and B. Haskell,
Mon.Not.Roy.Astron.Soc. 454, 4400 (2015).
[19] Ang Li, Chinese Physics Letters 32, 079701 (2015).
[20] Ang Li et al, The Astrophysical Journal Supplement
Series 223, 16 (2016).
[21] N. Chamel, Nucl. Phys. A747, 109 (2005).
[22] B. Carter, N. Chamel, P. Haensel, Nucl. Phys. A748,
675 (2005).
[23] N. Chamel, Nucl.Phys. A773, 263 (2006).
[24] N. Chamel, Phys. Rev. C85, 035801 (2012).
10
[25] J. Piekarewicz, F. J. Fattoyev, and C. J. Horowitz, Phys.
Rev. C 90, 015803 (2014).
[26] A.W. Steiner, S. Gandolfi, F. J. Fattoyev, and W. G.
Newton, Phys. Rev. C 91, 015804 (2015).
[27] G. Baym, C. Pethick, and P. Sutherland, Ap. J. 170,
299 (1971).
[28] J. Antoniadis, P. C. C. Freire, N. Wex et al. Science
340, 448 (2013).
[29] A. W. Steiner, J. M. Lattimer, and E. F. Brown, The
Astrophysical Journal Letters 765, L5 (2013).
[30] S. Guillot and R. E. Rutledge, The Astrophysical Jour-
nal Letters 796, L3 (2014).
[31] F. O¨zel et al., arXiv:1505.05155
[32] V. Suleimanov, J. Poutanen, M. Revnivtsev, and K.
Werner, The Astrophysical Journal 742, 122 (2011).
[33] J. Na¨ttila¨, A. W. Steiner, J. J. E. Kajava, V. F.
Suleimanov, J. Poutanen, arXiv:1509.06561
[34] J. M. Lattimer and Yeunhwan Lim, ApJ 771, 51 (2013)
[35] K. Hebeler et al., ApJ 773, 11 (2013).
[36] B. G. Todd-Rutel and J. Piekarewicz, Phys. Rev. Lett.
95, 122501 (2005).
[37] P. Danielewicz, R. Lacey, W. G. Lynch, Science 298,
1592 (2002).
[38] Lynch et al., Progress in Particle and Nuclear Physics
62, 427 (2009).
[39] M. B. Tsang et al., Phys. Rev. C86, 015803 (2012).
[40] J. Lattimer, Nucl. Phys. A 928, 276 (2014).
[41] C. Ducoin, J. Margueron, C. Provideˆncia, and I.
Vidan˜a, Phys. Rev. C 83, 045810 (2011).
[42] M. Fortin, C. Provideˆncia, A. R. Raduta, F. Gul-
minelli, J. L Zdunik, P. Haensel, and M. Bejger,
arXiv:1604.01944v1
[43] S. Goriely, M. Samyn and J. M. Pearson, Phys. Rev C
75, 064312 (2007).
[44] S. Goriely, N. Chamel, and J. M. Pearson, Phys. Rev.
C 82, 035804 (2010).
[45] S. Goriely, N. Chamel, J. M. Pearson, Phys. Rev. C 88,
024308 (2013).
[46] F. Douchin and P. Haensel, Astronomy and Astro-
physics 380, 151 (2001).
[47] B. K. Sharma, M. Centelles, X. Vin˜as, M. Baldo, and
G. F. Burgio, Astronomy and Astrophysics 584, A103
(2015).
[48] W. C. G. Ho, C. M. Espinoza, D. Antonopoulou, N.
Anderson, Sci. Adv. 1, e1500578 (2015).
[49] J. L. Friedman, N. Stergioulas, Rotating Relativistic
Stars, Cambridge University Press (2013).
[50] J. B. Hartle, Astrophys.J. 150, 1005 (1967)
[51] J. M. Lattimer and M. Prakash, The Astrophysical
Journal 550, 426 (2001).
[52] N. Stergioulas and S. Morsink, rns code.
http://www.gravity.phys.uwm.edu/rns/.
[53] N. Stergioulas and J. Friedman, Astrophys. J. 444 306
(1995).
[54] S. Chakrabarti, T. Delsate, N. Gu¨rlebeck, J. Steinhoff,
Phys. Rev. Lett. 112 201102 (2014),
[55] A. Komar, Phys. Rev. 113 934 (1959).
[56] N. Gu¨rlebeck, Phys. Rev. D. 90 024041 (2014).
[57] J. M. Bardeen, Rapidly rotating stars, disks and black
holes, in Black Holes, Les Astres Occlus, ed. C. DeWitt
and B. S. DeWitt (New York: Gordon and Breach) p.
241 (1973).
[58] X. Roca-Maza and J. Piekarewicz, Phys. Rev. C 78,
025807 (2008).
[59] J. M. Pearson, S. Goriely, N. Chamel, Phys. Rev. C 83,
065810 (2011).
[60] S. Kreim, M. Hempel, D. Lunney, and J. Schaffner-
Bielich, Int. J. Mass Spec. 349-350, 63 (2013).
[61] N. Chamel, A. F. Fantina, J. L. Zdunik, P. Haensel,
Phys. Rev. C 91, 055803 (2015).
[62] Lai et al., Astrophys. J. 377 612 (1991).
[63] D. Batani et al, Phys. Rev. Lett. 88 235502 (2002).
[64] A. F. Fantina, N. Chamel, J. M. Pearson, and S. Goriely,
AIP Conference Proceedings 1645, 92 (2015).
[65] J. M. Pearson, N. Chamel, S. Goriely, and C. Ducoin,
Phys. Rev. C 85, 065803 (2012).
[66] J. M. Pearson, N. Chamel, A. Pastore, S. Goriely Phys.
Rev. C 91, 018801 (2015).
[67] C. Ducoin, Ph. Chomaz, and F. Gulminelli, Nucl. Phys.
A789, 403 (2007).
[68] N. Chamel, J. M. Pearson, A. F. Fantina, C. Ducoin, S.
Goriely, A. Pastore, Acta Physica Polonica B 46, 349
(2015).
[69] G. Audi, M. Wang, A.H. Wapstra, F.G. Kondev, M.
MacCormick, X. Xu, and B. Pfeiffer, Chinese Physics C
36, 1287 (2012).
[70] G. Colo`, N. V. Giai, J. Meyer, K. Bennaceur, and P.
Bonche, Phys. Rev. C 70, 024307 (2004).
[71] T. Lesinski, K. Bennaceur, T. Duguet, and J. Meyer,
Phys. Rev. C 74, 044315 (2006).
[72] E.N.E. van Dalen, C. Fuchs, and A. Faessler, Phys. Rev.
Lett. 95, 022302 (2005).
[73] W. Zuo, U. Lombardo, H.-J. Schulze, and Z. H. Li, Phys.
Rev. C 74, 014317 (2006).
[74] J. M. Pearson, N. Chamel, A. F. Fantina, and S. Goriely,
Eur. Phys. J. A 50, 43 (2014).
[75] A. F. Fantina, N. Chamel, J. M. Pearson, S. Goriely,
Astron. Astrophys. 559, A128 (2013).
[76] A. Y. Potekhin, A. F. Fantina, N. Chamel, J. M.
Pearson, and S. Goriely, Astron. Astrophys. 560, A48
(2013).
[77] P. Haensel and B. Pichon, Astron. Astrophys. 283, 313
(1994).
[78] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, R. Scha-
effer, Nucl. Phys. A635, 231 (1998)
[79] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, R. Scha-
effer, Nucl. Phys. A643, 441 (1998)
[80] J. Dobaczewski, M. V. Stoitsov, W. Nazarewicz, AIP
Conf. Series 726, 51 (2004).
[81] M. Onsi, A. K. Dutta, H. Chatri, S. Goriely, N. Chamel
and J. M. Pearson, Phys. Rev. C 77, 065805 (2008).
[82] G. Audi, A.H. Wapstra, and C. Thibault, Nucl. Phys.
A729, 337 (2003).
[83] B. Friedman and V. R. Pandharipande, Nucl. Phys.
A361, 502 (1981).
[84] I. Tews, T. Kruger, K. Hebeler, A. Schwenk,
Phys.Rev.Lett.110, 032504 (2013).
[85] C. J. Horowitz and J. Piekarewicz, Phys. Rev. Lett. 86,
5647 (2001).
[86] Kazuhiro Oyamatsu and Kei Iida, Phys. Rev. C 75,
015801 (2007).
[87] I. Vidan˜a, C. Provideˆncia, A. Polls, and A. Rios, Phys.
Rev. C 80, 045806 (2009).
[88] C. Ducoin, J. Margueron, C. Provideˆncia, and I.
Vidan˜a, Phys. Rev. C 83, 045810 (2011).
[89] F. Grill, C. Provideˆncia, and S. S. Avancini, Phys. Rev.
C 85, 055808 (2012).
11
[90] W. G. Newton, M. Gearheart, and Bao An Li, Astro-
phys. J. Suppl. 204, 20 (2013).
[91] A. Sulaksono, Naosad Alam, B. K. Agrawal, Int. J. Mod.
Phys. E23, 1450072 (2014).
[92] W. M. Seif, and D. N. Basu, Phys. Rev. C 89, 028801
(2014).
[93] C. Providncia, et al, Eur. Phys. J. A 50, 44 (2014).
[94] S. S. Bao, J. N. Hu, Z. W. Zhang, and H. Shen, Phys.
Rev. C 90, 045802 (2014).
[95] F. Grill, H. Pais, C. Providencia, I. Vidana, S. S.
Avancini, Phys. Rev. C 90, 045803 (2014).
[96] J. Lattimer, Ann. Rev. Nucl. Part. Sci. 62, 485 (2012).
[97] S. Popov, Astrophys. Space Sci. 308, 381 (2007).
[98] A. Y. Potekhin, J. A. Pons, D. Page, Space Science
Reviews 191, 239 (2015).
[99] D. Chatterjee and I. Vidana, preprint
arXiv:1510.06306v1.
[100] A. F. Fantina, N. Chamel, Y. D. Mutafchieva, Zh. K.
Stoyanov, L. M. Mihailov, and R. L. Pavlov, Phys. Rev.
C 93, 015801 (2016).
[101] T. Nozawa, N. Stergioulas, E. Gourgoulhon, and Y.
Eriguchi, Astronomy and Astrophysics Supplement 132
431 (1998).
[102] J. W. T. Hessels, S. M. Ransom, I.H. Stairs, P. C. Freire,
V. M. Kaspi, F. Camilo, Science 311, 1901 (2006).
[103] M. A. Alpar, AIP Conf. Proc. 1379, 166 (2011).
[104] O. Akbal, E. Gu¨gercinog˘lu, S. S¸as¸maz Mus¸, M. A. Al-
par, Mon.Not.Roy.Astron.Soc. 449, 933 (2015).
[105] E. Gu¨gercinog˘lu and M. A. Alpar, Astrophys. J. 788,
L11 (2014).
[106] M. F. Bennett, C. A. van Eysden and A. Melatos,
Mon.Not.Roy.Astron.Soc. 409, 1705 (2010).
[107] J. Abadie et al. (The LIGO Scientific Collaboration),
Phys. Rev. D 83, 042001 (2011).
[108] B. Haskell & A. Melatos, Int. J. Mod. Phys. D 24,
530008 (2015).
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
M [solar masses]
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
re
la
ti
v
e
 d
e
v
ia
ti
o
n
 [
%
]
